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Abstract: A comprehensive analysis of the effect of lesion in-painting on the estimation of cortical
thickness using magnetic resonance imaging was performed on a large cohort of 918 relapsing-
remitting multiple sclerosis patients who participated in a phase III multicenter clinical trial. An auto-
matic lesion in-painting algorithm was developed and implemented. Cortical thickness was measured
using the FreeSurfer pipeline with and without in-painting. The effect of in-painting was evaluated
using FreeSurfer’s paired analysis pipeline. Multivariate regression analysis was also performed with
field strength and lesion load as additional factors. Overall, the estimated cortical thickness was differ-
ent with in-painting than without. The effect of in-painting was observed to be region dependent,
more significant in the left hemisphere compared to the right, was more prominent at 1.5 T relative to
3 T, and was greater at higher lesion volumes. Our results show that even for data acquired at 1.5 T in
patients with high lesion load, the mean cortical thickness difference with and without in-painting is
~2%. Based on these results, it appears that in-painting has only a small effect on the estimated
regional and global cortical thickness. Hum Brain Mapp 36:3749-3760, 2015.  © 2015 Wiley Periodicals, Inc.

Key words: cortical thickness; FreeSurfer; lesion in-painting; multiple sclerosis lesions; multiple

sclerosis
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INTRODUCTION

Multiple sclerosis (MS) is the most common neurological
disease in young adults. It is characterized by the presence
of white matter (WM) and gray matter (GM) lesions. On
conventional magnetic resonance imaging (MRI), WM
lesions which appear hyperintense on T2-weighted images
(T2 lesions) are most common and GM lesions are less fre-
quently observed in MS. The hyperintense WM lesions
consist of two components: those which appear hypoin-
tense (generally referred to as T1 lesions) and those which
appear iso-intense on the T1-weighted images (referred to
as T2 lesions). Generally, the volume of the T1 lesions is
only a small fraction of the T2 lesions. Another hallmark
of MS pathology is cortical thinning that is thought to
be an early feature of the disease [Calabrese et al., 2010;
Charil et al,. 2007; Narayana et al., 2013; Sailer et al., 2003].
It is therefore not surprising that cortical thinning in MS
has recently attracted considerable attention.

MRI is most commonly used for determining regional
and global cortical thicknesses. With the free availability of
powerful software packages such as FreeSurfer (http://
surfernmr.mgh harvard.edu/fswiki) [Dale et al., 1999;
Fischl et al., 1999] cortical thickness can be routinely meas-
ured on three-dimensional (3D) T1-weighted MRI brain
scans. The pipeline for measuring the cortical thickness
includes nonlinear registration of individual image vol-
umes to an atlas.

The presence of lesions affects the quality of registration
that may bias the measured cortical thickness [Battaglini
et al., 2012; Ceccarelli et al., 2012; Chard et al., 2010; Sdika
and Pelletier, 2009]. The majority of tissue segmentation
algorithms classify perilesional areas as GM [Sajja et al.,
2006; Shiee et al., 2014]. This can also affect the measured
cortical thickness, particularly if the lesions are close to the
cortex [Magon et al., 2014]. Lesion in-painting is thought

to mitigate this problem to some extent [Battaglini et al.,
2012; Ceccarelli et al., 2012; Chard et al., 2010; Magon et al.,
2014; Sdika and Pelletier 2009]. Image in-painting is com-
monly used for removing certain undesirable features such
as scratches and unwanted scenes and replace them without
disturbing the overall visual appearance [Ballester et al.,
2001]. A similar strategy can be applied to remove lesions
and replace them with surrounding tissues. In-painting can
be performed by replacing the lesion voxels with (1) an aver-
age of neighboring voxels, (2) adjacent normal appearing
WM voxel intensities using a priori information, and (3)
intensity of the mean WM over the entire brain. Sdika and
Pelletier [2009] demonstrated improvement in nonrigid
registration and morphometric measurements following
lesion in-painting in five MS patients using the second
method. Based on simulations, Chard et al. [2010] showed
improvement in GM and WM volumes following lesion in-
painting. Ceccarelli et al. [2012] reported, based on 26
relapsing remitting MS (RRMS) patients, improvement in
the image segmentation and detection of regional atrophy.
Datta et al. [2014], based on a large RRMS cohort, demon-
strated that the effect of lesion in-painting was most evident
on regional atrophy in patients with high lesion load.

The literature on the effect of in-painting on cortical thick-
ness is sparse. Recently, Magon et al. [2014], based on cross-
sectional and longitudinal studies on 50 MS patients,
reported that the presence of WM lesions introduces a bias
in the cortical thickness. Shiee et al. [2014], proposed an
automated method for lesion-filling to overcome the inac-
curacy in cortical thickness estimation due to WM lesions.
Both the above studies were carried out on data acquired
from a single 1.5 T scanner and did not account for the vari-
ability that arises from the scanner field strength, lesion
load, and other confounders [Wonderlick et al.,, 2009;
Govindarajan et al., 2014]. Previous studies by Han et al.
[2006] and Dickerson et al. [2009] showed the variability in
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the measurement of cortical thickness between data
acquired at 1.5 T and 3 T.

Lesion in-painting involves an additional processing
step. Based on the studies by Datta et al. [2014] lesion in-
painting on regional atrophy is relatively modest, particu-
larly when the lesion load is low. However, the effect of
lesion load on cortical thickness is not investigated so far.
The importance of in-painting on MRI-based cortical thick-
ness measurements needs to be evaluated on a large
cohort because of the patient heterogeneity. Acquisition of
data on large cohorts involves subject recruitment by mul-
tiple centers with different scanners operating at different
field strengths, vendors, and pulse sequences. All these
variables could have an effect on the influence of lesion in-
painting. A large sample size allows us to include theses
confounders on the evaluation of lesion in-painting on
cortical thickness. In this study, we analyzed the effect of
lesion in-painting in a large cohort of 918 RRMS patients
who participated in a multicenter clinical trial. We also
investigated the effect of scanner field strength, and lesion
load on the effect of in-painting on cortical thickness. We
believe that this is the first comprehensive study that
investigated the effect of lesion in-painting on cortical
thickness in a large patient cohort.

METHODS
Subjects

This study included 918 RRMS patients who partici-
pated in the CombiRx clinical trial (NCT00211887). Com-
biRx is a multicenter, double-blinded randomized clinical
trial sponsored by the National Institutes of Neurological
Disorders and Stroke. The primary focus of this clinical
trial was to evaluate the efficacy of interferon beta-la and
glatiramer acetate as individual agents versus combined
dosage [Lindsey et al., 2012].

MRI Protocol

The CombiRx MRI protocol included the acquisition of
two-dimensional (2D) fluid attenuated inversion recovery
(FLAIR), dual echo fast spin echo (FSE), precontrast and
postcontrast T1 images (all with voxel dimensions of
0.94 mm X 0.94 mm X 3 mm). In addition, 3D T1 spoiled
gradient recalled echo (SPGR)/magnetization prepared
rapid acquisition of gradient echo (MPRAGE) images were
also acquired with a voxel size of 0.94 mm X 0.94 mm X
1.5 mm.

MRI Quality Assurance

Inconsistency in image quality is not uncommon in mul-
ticenter studies. It is extremely tedious to manually evalu-
ate each image set for quality. Therefore, a pipeline was
implemented for automatic evaluation of the image quality

[Narayana et al., 2013]. Images with poor signal-to-noise
ratio and/or artifacts such as ghosting are automatically
identified. This pipeline also reads the DICOM header for
detecting the MRI protocol violations. These flagged
images were then manually inspected to evaluate their
suitability for inclusion in the analysis.

Lesion Segmentation

Image processing and segmentation were performed
using an in-house developed pipeline, magnetic resonance
image automatic processing [Datta et al., 2006; Sajja et al.,
2006]. Briefly, the 2D FLAIR, T1 precontrast and postcon-
trast contrast images were coaligned with the 2D dual
echo FSE images using rigid body registration. These
images were skull-stripped, bias corrected, and intensity
standardized. A unified approach that combines nonpara-
metric and parametric techniques was used to classify T2
hyperintense lesions, cerebrospinal fluid (CSF), and nor-
mal tissues including WM and GM [Sajja et al., 2006]. The
WM lesions were segmented as described by Datta et al.
[2007]. The lesion segmentation results were validated by
experienced neurologist (JSW) and imaging scientists
(PAN, SD) as a part of the QA procedure.

Lesion In-Painting

The 3D T1 images were skull-stripped using BET [Smith,
2002] and bias corrected. Affine transformation was
applied to the T1 precontrast images (previously aligned
with FSE) to align with the 3D T1 images. The transforma-
tion matrix obtained from the affine transformation was
applied to the 2D segmented images to transform them
into the 3D T1 space. The aligned 3D segmented images
were used to generate the WM and lesion masks. The WM
mask was applied to the 3D T1 image volume to obtain
the WM intensity profile. A set of WM intensities, say X,
at full width at half maximum was obtained which were
used to replace the voxel intensities corresponding to the
lesion areas on the 3D T1 image. The intensity of each
voxel in the 3D images was replaced by intensity selected
randomly from the set X. Gaussian filter was applied to
lesion area following the replacement of voxel intensity to
minimize the effect of the noise due to random assignment
of intensity values. This results in lesion in-painted
3D T1 image showing normal tissue intensities [Datta
et al., 2014].

Cortical Thickness Estimation

Cortical thickness was determined using the FreeSurfer
pipeline (v5.1.0; http:/ /surfernmr.mgh.harvard.edu/fswiki)
[Dale et al., 1999; Fischl et al., 1999] on a Linux platform.
Briefly, the automated FreeSurfer pipeline involves resam-
pling of the 3D Tl-weighted images to a 1 mm isotropic
voxel, followed by intensity normalization. Further, the MRI
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TABLE I. Demographic information on 918 RRMS patients

15T 3T

918 (459,/459)
246 (27%)
37.5+9.6; 18-61

N (low/high lesion volume)
Gender (M, %)

Age (Mean = SD; Range)

Lesion volume (Mean * SD; Range)

10.5 = 11.5; 0.06-76.2

663 (334/329)
172 (26%)
37.8+9.4; 18-61
10.4 = 11.5; 0.06-76.2

255 (125/130)
74 (29%)
36.9 +9.9; 18-60
10.8 = 11.6; 0.3-58.1

data are registered to the Montreal Neurological Institute
space [Collins et al., 1994] using a 12-parameter affine trans-
formation. The images are skull stripped using a hybrid algo-
rithm that combines watershed with the deformable
template model [Ségonne et al., 2004]. An initial estimation
of the surfaces is constructed, based on a validated algorithm
[Dale et al., 1999; Fischl et al., 1999, 2001]. An automatic algo-
rithm is then employed to correct topological defects before
generating the final white and pial surfaces. All the FreeSur-
fer output images were visually inspected for artifacts and
quality of segmentation. Cortical thickness is defined as “the
average of the distance between the surface (pial) and the
GM-WM boundary and the distance between the GM-WM
boundary and the surface (pial)” [Fischl and Dale, 2000]. The
images are then transformed into a spherical space on which
the parcellation of the cortical regions is performed. In this
study, we used the labels based on the Desikan—Killiany atlas
[Desikan et al., 2006] for lobar cortical thickness measure-
ments. Cortical thickness and other measurements are then
estimated in the subject space. Cortical thicknesses were
determined separately with and without in-painting. Free-
Surfer divides each hemisphere into 34 cortical regions. To
reduce the complexity of the results, we reported results on
six regional structures: frontal, parietal, occipital, and tempo-
ral lobes, and insular and cingulate cortices.

Classification by Magnetic Field Strength

The subjects were divided into two groups based on the
field strength at which the images were acquired. This
classification is necessary because earlier studies [Dicker-
son et al., 2009; Govindarajan et al., 2014; Han et al., 2006]
showed that the estimated cortical thickness depends on
the field strength.

Classification by Lesion Extent

As the effect of lesion in-painting may depend on the
lesion load, we divided the sample of 918 patients into two
subgroups (low and high) based on the median value of the
WM lesion volumes. The sample within both the subgroups
was further subdivided based on the two field strengths.

Statistical Analysis

Statistical difference maps (with and without in-paint-
ing) were generated using the FreeSurfer group analysis

module. The surface maps were smoothed using a kernel
with a FWHM of 10 mm based on the developers’” recom-
mendation. Monte Carlo simulation with 5,000 iterations
was used to draw inferences at P =0.01 with a false dis-
covery rate of P <0.05. These analyses were performed for
the whole group (918 patients) and at each field strength
separately.

Multivariate regression analysis [Hand and Taylor, 1987;
Krzanowski, 1988] was performed to evaluate the relation-
ship between cortical thickness and several factors. Specifi-
cally, we considered differences between in-painted and
nonpainted regional cortical thickness for left and right
hemispheres as a vector of dependent variable and treated
field strength, and T2 lesion volume as independent varia-
bles. To compare multivariate population means of cortical
thickness among 34 regions parcellated by FreeSurfer,
with and without in-painting, we applied multivariate
analysis of variance, which is used when there are two or
more dependent variables and provides individual P-val-
ues for each dependent variable to test for statistical signif-
icance. Statistical significance was evaluated using Pillai’s
trace test [Olson, 1974]. To check region-specific effect, we
also considered single linear regression and analysis of
variance (ANOVA) for each region. We used “fieldtype”
to denote the type of field strength, where fieldtype =0
and 1 indicate 1.5 T and 3 T field strengths, respectively.
For pulse sequence, we considered MPRAGE and SPGR as
one category [Govindarajan et al., 2014; Narayana et al.,
2013]. To assess the effect of lesion volumes on cortical
thickness, we divided the subjects into two groups based
on the median of lesion volumes. The vectors of coeffi-
cients from multivariate regression model, controlling for
potential confounding or effect modifications, were esti-
mated. The adjusted means and mean differences between
regional cortical thicknesses along with P-values for com-
parison were calculated. All the above analyses were per-
formed using SAS 9.3 (http://www.sas.com; Cary, NC).

The retrospective analysis of the data presented in this
manuscript was approved by our Institution Review Board.

RESULTS
Subjects

Of the 918 subjects, 672 were females and 246 males.
They were in the age range of 18-61 years (Mean: 37.5;
Median: 37; SD: 9.57). Six hundred and sixty three subjects

* 3752 ¢


http://www.sas.com

+ Effect of Lesions on Cortical Thickness in MS ¢

(a) Male (b) Female
=) &
- -—
b o =
2 @ 2
2 o ]
g 7 g 9
r o I ]
o o
| I I N B | —r 1 T 1
20 30 40 50 60 20 30 40 50 60
Age (years) Age (years)
(€)1.5T (d) 3.0T
8 8
= b
§ B § 8
3 3
o o
2 g @
w ¥ e o
o
[ T T T 1 [ T T T 1
20 30 40 50 60 20 30 40 50 60
Age (years) Age (years)
Figure I.

Age distribution of RRMS patients by gender and field strength.

were scanned at 1.5 T and 255 at 3 T. Table I summarizes
the demographic data, scanner field strength, and the WM
lesion volumes (or lesion load). Figure 1 shows the histo-
gram of age distribution of the cohort by gender and field
strength.

Lesion Segmentation and In-Painting

Figure 2 shows, as an example, the original T1 image,
in-painted image, and color-coded segmented image. The

color-coded image shows WM (white), GM (gray), CSF
(blue), T2 lesions (pink), and T1 lesions (dark red). The
lesions are completely absent on the in-painted images.
The histogram distributions for the low and high lesion
volume subgroups are also shown in Figure 3. The esti-
mated total WM lesion load in our sample was in the
range of 0.06-76.23 ml with a median value of 6.42 ml
(Fig. 3).

Cortical lesions (juxtacortcal and intracortical lesions)
are expected to have a significant effect on the estimated
cortical thickness. However, it is very difficult to visualize
intracortical lesions on FLAIR and FSE images [Geurts
et al., 2005; Nelson et al., 2011]. We paid particular atten-
tion if our software can segment out the juxtacortical
lesions. Figure 4 shows examples of juxtacortical lesion
segmentation on two different patients. It can be observed
on these figures that our software identified the juxtacorti-
cal lesions and that these lesions are not always clearly
visualized on T1-weighted images even though the latter
were acquired at higher spatial resolution compared to
FLAIR and FSE images.

Effect of In-Painting on Cortical Thickness

Figure 5 shows the difference map between in-painted
and nonpainted whole groups on an inflated brain surface
at a P-value of 0.01. The multiple lobes are shown in dif-
ferent colors for differentiating their topological bounda-
ries. As can be seen from this figure, the effect of in-
painting appears to be different between the right and left
hemispheres. For example, almost the entire insular cortex
and significant parts of the frontal, parietal and temporal
lobes are affected in the left hemisphere. However, the
structures affected by in-painting in the right hemisphere
include smaller regions in the temporal, parietal, frontal,
and insular regions. The results of the statistical analysis

Figure 2.
An axial slice of original (left), in-painted (middle), and segmented (right) image. In the color-
coded image WM, GM, CSF, T2-lesions, and T |-hypointense lesions are indicated by white, gray,
blue, pink, and red, respectively. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 3.
Lesion volume distribution in the RRMS patients (a) whole group, (b) low lesion volume, and (c)
high lesion volume. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

on the entire group of in-painted versus nonpainted sub-
jects are summarized in Table II. All lobes excluding the
parietal lobe in the left hemisphere showed significant dif-
ferences. In contrast, temporal, occipital, cingulate, and
insular regions in the right hemisphere were significantly
affected by in-painting. Overall, the extent of differences
between the in-painted and nonpainted groups was differ-
ent between the two hemispheres—the left hemisphere

showing greater differences than the right hemisphere in
many lobar regions. P-values for Pillai’s trace test in Table
II indicate statistically significant differences in cortical
thickness between in-painted and nonpainted groups. Dif-
ference by the WM lesion volume seems evident in left
hemisphere but not on the right. To understand if these
differences between the two hemispheres are related to the
possible asymmetric distribution of lesions in the two

Figure 4.
Images showing segmentation of juxtacortical lesions on two patients (top and bottom rows). (a)
Short echo FSE, (b) long echo FSE, (c) FLAIR, (d) 3DTI, and (e) segmented images. In the color-
coded segmented image WM, GM, CSF, and lesions are indicated by white, gray, blue, and red, respec-
tively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5.

Lateral views of inflated left (L) and right (R) hemispheres
depicting group difference maps highlighting significantly thinner
regions in nonpainted images compared to lesion in-painted
images. The different lobes are denoted in different colors: fron-
tal (blue), temporal (yellow), parietal (green), occipital (red), and
insula (brown). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

hemispheres, we calculated the lesion probability distribu-
tion. Figure 6a shows the lesion distribution map in the
whole group. Figure 6b,c show the lesion distribution map
for the data from 1.5 T and 3 T. No significant asymmetry
in the lesion distribution between the two hemispheres in
the two subgroups of the patients is apparent.

Table IV summarizes the results of multivariate regres-
sion analysis performed on six different lobes/structures.
In the left hemisphere, differences between the in-painted
and nonpainted groups were significant for frontal, parie-
tal, temporal, cingulate, and insula regions at a 0.01 signifi-
cance level, whereas in the right hemisphere, differences
were significant for frontal, temporal, occipital, cingulate,
and insula. The mean difference values indicate that
excluding the occipital lobe, all the other regions had a
higher cortical thickness without in-painting than with in-
painting. This directionality was reversed for the occipital
lobe in both hemispheres. Difference by field strength was
found only in the cingulate and insula in the left hemi-
sphere and occipital lobe in the right hemisphere. Differ-
ences due to lesion volume were significant in parietal and

occipital lobes in both hemispheres and left temporal and
right frontal lobes.

Subgroup Analysis of the Effect of Field Strength
and Lesion Load

The effect of in-painting is different at the two field
strengths. Figure 7 shows that at 1.5 T, significant differen-
ces were observed in the frontal, parietal, temporal, occipi-
tal, and insula regions while the results at 3 T indicate
much smaller differences in parts of the frontal, temporal,
and insula regions. Table V summarizes the results of mul-
tivariate regression analysis on the effect of in-painting on
cortical thickness stratified by field strength. In the left
hemisphere, frontal, temporal, cingulate, and insula and in
the right hemisphere, temporal, occipital, cingulate, and
insula showed significant differences. The significant dif-
ferences due to field strength were observed in the tempo-
ral and occipital regions in both the hemispheres and the
left cingulate.

Figure 7 also shows the significant differences between
in-painted and nonpainted brains classified by lesion vol-
umes. The results indicate that at high lesion volumes, there
is a greater difference between in-painted and nonpainted
brains, particularly at 1.5 T. The results from the multivari-
ate regression analysis showing the cortical thickness differ-
ences stratified by lesion volumes are summarized in Table
VI. In the left hemisphere, frontal, temporal, cingulate, and
insula were significant and in the right hemisphere, only
the temporal lobe was significant. The significant differen-
ces due to lesion volume were observed in the frontal, pari-
etal, and temporal lobes in both hemispheres.

DISCUSSION

In this study, we evaluated the effect of in-painting on
the cortical thickness in a large cohort of 918 RRMS
patients. Our analysis also included the effects of field
strength and lesion load on the cortical thickness. To our
knowledge, this is the largest sample size ever used for
such an analysis. The major findings of this study are that
the effect of in-painting (1) results in differences in the

TABLE Il. Average cortical thickness with and without in-painting on 918 RRMS patients

Thickness (mm), Left hemisphere

Thickness (mm), Right hemisphere

Lobe In-painted Nonpainted Difference P-value In-painted Nonpainted Difference P-value
Frontal 2.547 +0.229 2.563 +0.215 —0.016 0.0007 2.559 +0.22 2.561 +0.218 —0.002 0.6386
Parietal 2.315+0.213 2.321 +0.202 —0.006 0.3112 2.326 +0.211 2.319 +0.198 0.007 0.2723
Temporal 2.687 +0.28 2.723 +0.253 —0.036 <0.0001 2.742 +0.281 2.767 + 0.265 —0.025 0.0012
Occipital 1.959 = 0.22 1.938 +0.198 0.021 0.0050 1.996 +0.215 1.978 +0.193 0.018 0.0155
Cingulate 2.624 +0.27 2.661 +0.251 —0.037 <0.0001 2.624 +0.27 2.646 + 0.245 —0.022 0.0071
Insula 2.955 + 0.266 3.017 £0.296 —0.062 0.0001 2.968 +0.271 3.003 + 0.284 —0.035 0.0255

The difference in cortical thickness (in-painted-nonpainted) is also shown.
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TABLE Ill. Results from multivariate ANOVA (P-values
for Pillai’s trace test)

Left Right
hemisphere hemisphere
Difference in cortical thickness <0.0001 0.00014
(in-painted vs. nonpainted)
Field strength (3 T vs. 1.5 T) 0.2148 0.0424
T2 lesion volume 0.0295 0.4488

estimation of cortical thickness, (2) is different for the left
and right hemispheres, (3) depends on the lesion load,
and (4) is more prominent at 1.5 T compared to 3 T.

As discussed below, there are at least three reasons why
in-painting may have an effect on the measured cortical
thickness:

1. Nonlinear registration: Cortical thickness determination
involves registration of MS brain images to a normal
atlas. As the normal brain does not have lesions while
the MS brain does, nonlinear registration could intro-
duce errors that in turn might affect the calculated cort-
ical thickness. As shown by Sdika and Pelletier [2009]
lesion in-painting reduces the registration errors.

2. Partial volume averaging: Given the thinness of the
cortical ribbon and its convoluted geometry, partial
volume averaging between WM and GM exists even
at 1-mm isotropic voxel resolution. Contrast-to-noise
ratio (CNR) has a significant effect on the measured
cortical thickness. CNR between the WM and cortical
GM can be formally defined as the signal intensity
difference between these two tissues divided by noise

Figure 6.
Lesion distribution maps in RRMS patients in the whole group
and at each of the two field strengths. The temperature bar
indicates the lesion probability. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

standard deviation [Bock et al., 2013; Lu et al., 2005].
Mathematically, CNR can be expressed as

CNR = [Sym — Sgm]/Noise = k By # (1/{(Tlym)~ 1/{(Tlgm))

)

where k is a constant that depends on the voxel vol-
ume and the (number of averages)l/ 2 and By, the
magnetic field strength. In the above equation, S.m
and Sg, denote signals from WM and GM, respec-
tively, and the corresponding longitudinal relaxation
times are Tlym, and Tlgy,. It can be seen from the
above equation that the CNR depends on tissue T1.
As the T1 value of GM is larger than that of WM,
partial volume averaging between WM and GM

TABLE IV. Multivariate regression on cortical thickness with and without in-painting on 918 RRMS patients

Mean difference in

P-value, Left hemisphere

Mean difference in P-value, Right hemisphere

Lobe Parameter cortical thickness (in-painted vs. nonpainted) cortical thickness (in-painted vs. non-painted)
Frontal Intercept —0.024 <0.0001 —0.012 0.0009
Field strength 0.010 0.0672 0.003 0.5453
Lesion load 0.011 0.0233 0.019 0.0001
Parietal Intercept —0.018 0.0001 —0.006 0.214
Field strength 0.014 0.0183 —0.002 0.7450
Lesion load 0.016 0.0049 0.026 <0.0001
Temporal Intercept —0.052 <0.0001 —0.035 <0.0001
Field strength 0.016 0.0425 0.009 0.2331
Lesion load 0.026 0.0001 0.016 0.0304
Occipital Intercept 0.007 0.2565 0.016 0.0077
Field strength 0.001 0.8642 —0.025 0.0035
Lesion load 0.028 0.0005 0.019 0.0097
Cingulate  Intercept —0.046 <0.0001 —0.026 0.0002
Field strength 0.028 0.0059 0.010 0.3049
Lesion load 0.001 0.9222 0.002 0.8523
Insula Intercept —0.072 <0.0001 —0.054 0.0006
Field strength 0.056 0.0084 0.057 0.0120
Lesion load —0.013 0.4893 0.008 0.6773

Intercept represents the significant difference in the cortical thickness measures with and without in-painting.
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Figure 7.

Lateral views of inflated left (L) hemisphere grouped by lesion load
for 1.5 Tand 3 T data. Images depict group difference maps high-
lighting significantly thinner regions in nonpainted images compared
to lesion in-painted images. Rows | and 2 show significant differen-
ces at P=0.01, the right hemisphere showed a similar behavior.
The different lobes are depicted in different colors: frontal (blue),
temporal (yellow), parietal (green), occipital (red), and insula
(brown). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

reduces contrast between these two tissues that may
affect the measured cortical thickness. Similarly, as
the T1 values of lesions are higher than GM and

WM, partial volume averaging with lesions that are
proximal to the GM may also affect the tissue relaxa-
tion time and the measured cortical thickness

3. Lesion segmentation: Finally, almost all the automatic
and semiautomatic segmentation algorithms classify
the perilesional area as GM [Sajja et al., 2006; Shiee
et al., 2014]. As pointed out by Magon et al. [2014],
the proximity of these lesions to cortex introduces a
segmentation bias which leads to incorrect estimation
of cortical thickness measurements.

The effect of all the above factors can be mitigated to some
extent by lesion in-painting. As a corollary, one would
expect the effect of in-painting to decrease with lesion
load. Indeed, this is consistent with our results.

We believe that this is the first study that showed that
the effect of in-painting depends on the scanner field
strength. Our results show that the effect of in-painting on
the cortical thickness is more prominent at 1.5 T than at 3
T. The effect of field strength can be formally analyzed by
recognizing that the value of T1 is field dependent [Bot-
tomley et al., 1984]:

Tl=c + axBy’ ()
where a and b are tissue-dependent constants. Combining
this expression and Eq. (1) yields CNR ~ B,'/? ~ /2 This
simple model predicts that CNR increases with By. Since cort-
ical thickness is determined by the distance between the
lobar and cortical sheets” segmentation fidelity, it is expected
that the effect of in-painting is more prominent at lower field.

In our study, we observed that the effect of in-painting
is different between left and right hemispheres. There
have been multiple studies that reported hemispheric
asymmetry in the cortex [Lemaitre et al.,, 2012; Narayana

TABLE V. Multivariate regression on cortical thickness with and without in-painting on 918 RRMS patients divided
by field strength

In-painted Nonpainted
Lobe Hemisphere 15T (n=663) 3T (n=255) 15T (n=663) 3T (n=255) P-value® P-value®
Frontal Left 2.544 +0.248 2.556 = 0.171 2.563 + 0.237 2.553 = 0.144 <0.001 0.104
Right 2.558 = 0.237 2.562+0.171 2.561 +0.24 2.557 = 0.146 0.551 0.504
Parietal Left 2.310 = 0.227 2.328 £0.174 2.320 = 0.215 2.305 £ 0.164 0.148 0.052
Right 2.328 = 0.224 2.321+0.172 2.321+0.211 2.323 +0.157 0.321 0.447
Temporal Left 2.672 = 0.296 2.728 = 0.23 2.711+0.277 2.695 +0.172 <0.001 <0.001
Right 2.726 = 0.298 2.783 £0.242 2.754 = 0.289 2.744 = 0.185 0.002 <0.001
Occipital Left 1.984 = 0.227 1.894 = 0.192 1.964 +£0.212 1.961 £0.14 0.020 <0.001
Right 2.028 = 0.227 1.914 +0.164 2.003 = 0.203 2.027 £0.148 0.005 <0.001
Cingulate Left 2.609 = 0.286 2.663 = 0.22 2.655 x0.275 2.626 £ 0.171 <0.001 <0.001
Right 2.617 = 0.287 2.641 = 0.219 2.642 = 0.266 2.632 +0.179 0.010 0.070
Insula Left 2.938 = 0.312 2.999 +0.285 3.016 = 0.321 2.960 +0.217 <0.001 0.054
Right 2957 = 0.377 3.000 = 0.26 3.007 = 0.329 2.950 £ 0.237 0.005 0.078

?P-value is from testing mean difference between in-painted and nonpainted.

PP-value is from testing field strength between 1.5 T and 3 T.
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TABLE VI. Multivariate regression on cortical thickness with and without in-painting on 918 RRMS patients divided
by lesion load

In-painted Nonpainted
Low lesion High lesion Low lesion High lesion

Lobe Hemisphere (n =459) (n =459) (n = 459) (n = 459) P-value® P-value®
Frontal Left 2572 +0.17 2.524 +0.274 2.593 £0.153 2.582+0.263 0.001 <0.001

Right 2.577 +£0.172 2.541 +0.268 2.589 £ 0.15 2.569 +0.259 0.074 <0.001
Parietal Left 2.347 £0.17 2.284 +0.249 2.360 = 0.161 2.345+0.234 0.103 <0.001

Right 2.349 £ 0.168 2.304 = 0.231 2.355*0.155 2.328 = 0.246 0.466 <0.001
Temporal Left 2.705 +0.221 2.671 +0.326 2.753 +0.177 2.726 £0.31 <0.001 0.001

Right 2.761 =0.229 2.724+0.32 2.793 £0.193 2.778 =0.325 0.003 0.001
Occipital Left 1.971+0.198 1.948 +0.24 1.963 +0.173 1.935+0.22 0.488 0.039

Right 2.010 £0.188 1.983 = 0.211 2.001 £0.172 1.982 +0.238 0.411 0.011
Cingulate Left 2.633 £0.211 2.617 £0.315 2.671*0.183 2.669 = 0.303 0.001 0.172

Right 2.638 £0.212 2.610=0.293 2.661 =0.182 2.659 £0.317 0.049 0.017
Insula Left 2.975 +0.365 2.935 +0.351 3.031 £ 0.301 3.044 £0.29 0.009 0.066

Right 2.980 = 0.36 2.958 +0.295 3.019 £0.317 3.010 £ 0.337 0.075 0.308

?P-value is from testing mean difference between in-painted and nonpainted.

PP-value is from testing T2 lesion volume of high and low.

et al, 2013; Plessan et al., 2014, Ramasamy et al., 2009;
Thompson and Toga., 2003]. However, this is the first
study that shows that the effect of in-painting is also
asymmetric. As the lesion distribution appears to be sym-
metric between both hemispheres, it cannot be a reason
for this aforementioned asymmetry. Thus, the reason for
the observed asymmetric effect of in-painting on cortical
thickness is unclear.

Our results suggest that lesion in-painting might be
important only in the case of high lesion load (>6 ml in
this study) but would have limited effect on patients with
low lesion loads. Also, cortical thickness measurements
based on images acquired at 1.5 T appear to be more
affected by the presence of lesions than data acquired at 3
T. As can be seen from Tables V and VI, even for data
acquired at 1.5 T in patients with high lesion load, the
mean cortical thickness difference with and without in-
painting is less than ~2%. As indicated above, the smaller
effect of in-painting on cortical thickness at 1.5 T relative
to 3 T could be due to higher CNR at 3 T compared to 1.5
T. We believe, based on our results on a large cohort, that
the effect of in-painting on cortical thickness is mainly
driven by the CNR which depends on the field strength. It
is worth pointing out that the two earlier studies [Magon
et al., 2014; Shiee et al., 2014] that reported the effect of in-
painting on cortical thickness were performed at 1.5 T.
Based on these results, it appears that in-painting has only
small effect on the estimated regional and global cortical
thickness.

Finally, it should be pointed out that our results are
based on a group level analysis. However, the number of
juxtacortical lesions, which are expected to have a more
significant effect on the estimated cortical thickness com-

pared to the periventricular lesions, varies from subject-to-
subject. However, it is worth pointing out that based on
the lesion probability maps shown in this manuscript (Fig.
6) and published literature [Holland et al., 2012] on large
cohorts, the juxtacortical lesion load is significantly lower
than the deep WM lesion load.
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